Introduction {#s1}
============

The enterohemorrhagic Escherichia coli (EHEC) and enteropathogenic E. coli (EPEC) are closely related human enteric pathogens \[[@ppat-0030069-b001]\]. EPEC causes severe diarrhea in young children in developing countries, while EHEC is a causative agent of hemorrhagic colitis, which is more common in the industrialized world \[[@ppat-0030069-b002]\]. EPEC, EHEC, and the mouse pathogen Citrobacter rodentium (CR) belong to a group of pathogenic bacteria that are defined by their ability to form "attaching and effacing" (AE) histopathology on intestinal epithelia. This histopathology is characterized by localized destruction of apical microvilli, followed by intimate adhesion of bacteria to the cell plasma membrane \[[@ppat-0030069-b003]\]. A major virulence mechanism underlying AE-causing bacteria is the type III secretion system (TTSS), which is employed by the bacteria as a molecular syringe to inject (translocate) effectors into the host cell. These effector proteins subvert normal host cell functions to benefit the bacteria \[[@ppat-0030069-b004]--[@ppat-0030069-b006]\]. TTSS components and related proteins are encoded by 41 genes organized in five major operons, *LEE1* through *LEE5*, and several additional transcriptional units, all clustered in the locus of enterocyte effacement (LEE) \[[@ppat-0030069-b007]\].

Under repressive conditions, the entire LEE is silenced by the histone-like nucleoid structuring protein (H-NS). Activation of most LEE promoters is dependent on Ler, an H-NS paralogue encoded by *LEE1,* which functions as anti--H-NS to alleviate the H-NS--mediated silencing of most of the LEE promoters \[[@ppat-0030069-b008]--[@ppat-0030069-b011]\]. Therefore, controlling the activity of the *LEE1* promoter (P~*LEE1*~) is critical for initiating a cascade that mediates the expression of all of the LEE genes. GrlA and GrlR are two LEE-encoded regulators that are required to optimize P~*LEE1*~ activity \[[@ppat-0030069-b012]\]. These two proteins from EPEC and EHEC, respectively, exhibit about 98% identities. GrlA acts as a positive regulator for P~*LEE1*~; moreover, GrlA and Ler form a positive transcriptional regulatory loop acting synergistically to strongly activate *ler* expression \[[@ppat-0030069-b012]\]. It is suggested that in order to prevent the detrimental accumulation of Ler, the Ler--GrlA feedback loop is negatively modulated by two checkpoints: (1) When Ler reaches the threshold concentration, it represses *ler* transcription \[[@ppat-0030069-b013]\]. (2) GrlR, a negative regulator of *ler* expression \[[@ppat-0030069-b014],[@ppat-0030069-b015]\], might act as anti-GrlA to establish an additional checkpoint that down-regulates the feedback loop, setting it back to the steady-state level. In agreement with this hypothesis, GrlR interacts with itself and also with GrlA to form a macromolecular assembly in the cytoplasm of AE pathogens \[[@ppat-0030069-b016]\]. It has been proposed that GrlR conveys a negative regulation through its interaction with GrlA and that this hetero-complex is functionally relevant \[[@ppat-0030069-b012],[@ppat-0030069-b016]\]. The literature search and sequence analysis indicated a presence of a helix-turn-helix, a DNA recognition motif at the N-terminus of GrlA \[[@ppat-0030069-b014]\], and the C-terminal region may interact with GrlR.

Here, we report the crystal structure of GrlR from EHEC refined up to 1.9 Å resolution as well as structure-based functional studies on GrlR. GrlR has a typical β-barrel fold consisting of an internal hydrophobic cavity with a plug-like loop on one side of the barrel. Structure-based site-directed mutagenesis targeting the surface residues of GrlR showed that these residues are crucial for the ability of GrlR to bind GrlA and to carry out its regulatory function. In vitro and in vivo experiments further confirmed the vital role of these residues for the regulatory function of GrlR. Our finding represents a novel regulatory mechanism in the TTSS of pathogenic bacteria.

Results {#s2}
=======

Structure of GrlR {#s2a}
-----------------

The structure of recombinant GrlR from EHEC was solved by the multi-wavelength anomalous dispersion method from synchrotron data. The model was refined to a final R-factor of 0.215 (R~free~ = 0.269) at 1.9 Å resolution ([Figure 1](#ppat-0030069-g001){ref-type="fig"}A) with good stereochemical parameters ([Table 1](#ppat-0030069-t001){ref-type="table"}). The GrlR model consists of residues from Met1 to Val111, with seven additional residues at the N-terminus (Gly-6, Leu-5, Val-4, Pro-3, Arg-2, Gly-1, and Ser0) resulting from the linker sequence of the (His)~6~ affinity tag. The C-terminal residues from Asn112 to Lys121 had no interpretable electron density and were not modeled. There are two molecules in the asymmetric unit ([Figure 1](#ppat-0030069-g001){ref-type="fig"}B) and they are related by a 2-fold noncrystallographic symmetry approximately parallel to the *a*-axis. Interestingly, these two molecules are packed in a perpendicular fashion to each other, resulting in a maximum interaction ([Figure 1](#ppat-0030069-g001){ref-type="fig"}B).

![Overall Structure of GrlR with Bound Ligand\
(A) Ribbon diagram of monomer. The β-strands and the random coils/turns are depicted in light and dark green colors, respectively. The Triton-X100 molecule is bound in the hydrophobic pore of the eight-stranded β-barrel. The CPK model of the ligand is shown with oxygen and carbon atoms colored in red and grey, respectively.\
(B) Ribbon diagram of the dimer. Monomer A is shown in red, monomer B in green. The dimeric interface residues, surface-exposed residues (EDED motif), and the ligand from both monomers are shown in ball and stick representation. This figure was drawn using Molscript and Raster3D \[[@ppat-0030069-b042],[@ppat-0030069-b043]\].](ppat.0030069.g001){#ppat-0030069-g001}

###### 

Crystallographic Data and Refinement Statistics

![](ppat.0030069.t001)

The GrlR molecule mainly consists of a single domain from residues Asp5 to Ile107 that forms a β-barrel. Residues Tyr59 to Asp70 form an extended loop that plugs one side of the cylindrical β-barrel structure. The β-barrel consists of eight anti-parallel β-strands running from one side of the molecule to the other. On one side of the β-barrel there are four long loops, including a plug-like structure, whereas on the other side, four tight β-turns are connecting the adjacent β-strands. Both ends of the β-barrel were closed off by the N-terminus (Met1 to Lys4) and plug-like loop residues Tyr59 to Asp70. The tip of the ten residue--long plug-like loop, which is highly hydrophobic, may close or open the cavity primarily by hydrophobic interactions. The β-barrel cavity is highly hydrophobic in nature with side chains from seven Tyr, six Ile, seven Leu, four Val, and two Phe residues lining the inner cavity surface ([Figure 2](#ppat-0030069-g002){ref-type="fig"}A). The approximate dimensions of the β-barrel are 35.2 Å in height and 18.5 Å in diameter.

![Stereo View of the β-Barrel and the Bound ligand\
(A) Stereo view of the Cα trace of GrlR β-barrel shown in green, viewed from the top. The hydrophobic side chains of the residues from the pore region are shown in thick lines. The ball-and-stick representation of the Triton-X100 molecule at the center of the pore is shown. This figure was prepared by using Molscript and Raster3D \[[@ppat-0030069-b042],[@ppat-0030069-b043]\].\
(B) Simulated annealing *Fo-Fc* omit map in the pore region of GrlR. The bound triton molecule and all atoms within 2 Å of the triton molecule were omitted prior to refinement. The map contoured at a level of 3σ. This figure was prepared using PyMOL \[[@ppat-0030069-b044]\].](ppat.0030069.g002){#ppat-0030069-g002}

GrlR shares 93% to 100% identity between different AE-causing E. coli strains and EHEC (strain EDL933) and over 85% sequence identity (CLUSTAL W \[[@ppat-0030069-b017]\]) with that of CR. There is no significant overall sequence identity with any other protein in the National Center for Biotechnology Information (NCBI) database. A search for topologically similar proteins within the Protein Data Bank (PDB) database was performed with the program DALI \[[@ppat-0030069-b018]\]. The highest structural homology is observed between GrlR and the electron transport domain of quinohemoprotein amine dehydrogenase (PDB code 1jju; with 18% sequence identity; *z*-score 9.2 and 2.5 Å RMSD \[root mean square deviation\] for 90 Cα atoms). This is followed by a lipid-binding TTSS secretin pilotin protein, MxiM (PDB code 1y9t; with 16% sequence identity; *z*-score 4.90 and 2.7 Å RMSD for 77 Cα atoms), which has a cracked barrel structure \[[@ppat-0030069-b019]\].

During structure refinement, we noticed a small molecule composed of 12 atoms in the hydrophobic cavity of GrlR, which, subsequently, was identified to be the fragment of Triton-X100. It is worth mentioning here that the bacterial lysis buffer used for GrlR purification contained 1% (v/v) of Triton-X100. The detergent may have bound tightly to the hydrophobic cavity of GrlR during this stage, and had co-crystallized with GrlR. The bound detergent is situated at the center of the cavity and is parallel to its axis ([Figure 1](#ppat-0030069-g001){ref-type="fig"}A); the interaction of the detergent with hydrophobic residues of the cavity may play a crucial role in increasing the solubility of GrlR ([Figure 2](#ppat-0030069-g002){ref-type="fig"}A). The ligand molecule is well defined in the electron density map. [Figure 2](#ppat-0030069-g002){ref-type="fig"}B shows the simulated annealing Fo-Fc omit map. The superimposed GrlR on lipid-bound MxiM \[[@ppat-0030069-b019]\] indicated that the probability of having a lipid molecule in the hydrophobic pore of GrlR is not ruled out. Based on the structural homology, the bound ligand, and the hydrophobic nature of the cavity of GrlR, we suggest that the cavity may recognize a specific small hydrophobic ligand and interact with side chains of the cavity residues. Exact roles of this cavity and the plug-like loop for the function of GrlR are not yet established.

Dimers of GrlR {#s2b}
--------------

GrlR was found to exist as a homodimer in solution, with an apparent molecular weight of 29 kDa, as determined by gel filtration and dynamic light scattering. The analytical ultra centrifugation experiments also revealed the dimeric nature of GrlR. These results were consistent with a dimeric arrangement observed in the crystal structure, with the dimer having approximate dimensions of 46.5 × 32.6 × 35.2 Å. The strong hydrophobic cluster at the dimeric interface is maintained by the side chains from residues Ile7, Ile23, Ile25, Val39, and Ile107 from both monomers of the dimer. In addition, six hydrogen bonding contacts (\<3.2 Å) mainly from Gln41, Glu108, His55, Pro109, and Val 111 of both monomers, as well as numerous hydrophobic interactions, are maintaining the dimer architecture. [Figure 3](#ppat-0030069-g003){ref-type="fig"} shows the electrostatic surface representation of the dimeric GrlR (GRASP \[[@ppat-0030069-b020]\]). The observation of a dimeric GrlR for the wild-type as well as for mutants suggests a functionally important role for dimerization.

![The Electrostatic Surface Potential of GrlR Dimer\
The surface-exposed (EDED) residues are labeled. It shows a strong negatively charged (red) patch from both EDED motifs of the monomers. The dotted line indicates the dimer interface. Blue represents a positive charge. This figure was prepared using GRASP \[[@ppat-0030069-b020]\].](ppat.0030069.g003){#ppat-0030069-g003}

Identification of a Key Motif {#s2c}
-----------------------------

GrlR was shown to associate with itself and with GrlA to mediate the regulatory network \[[@ppat-0030069-b012],[@ppat-0030069-b017]\]. GrlA is homologous to CaiF, a known DNA binding protein \[[@ppat-0030069-b021]\], and its sequence analysis identified a helix-turn-helix DNA recognition motif at the N-terminus \[[@ppat-0030069-b012]\]. The C-terminal region of GrlA is rich in basic residues (nine arginines and seven lysines), suggesting that it may have a role in the interaction with the acidic GrlR. A loop region in the crystal structure of GrlR, residues Glu46 to Asp49 (^46^EDED^49^), is highly exposed on the surface and is less well defined in electron density. It is worth noting here that GrlA and GrlR have extremely opposite charges: the calculated isoelectric points (pI) of GrlR and GrlA are 4.83 and 9.71, respectively. Taking together all of these facts, we now hypothesize that the negatively charged cluster (the EDED \[Glu-Asp-Glu-Asp\] motif) is involved in the GrlR--GrlA interaction and thus may play an important role for repressing the ability of EHEC to perform TTSS-mediated protein secretion.

EDED Motif Is Essential for the Recognition of GrlA {#s2d}
---------------------------------------------------

To test the above hypothesis, EDED residues were mutated and interactions of different GrlR mutants with glutathione-S-transferase (GST)--GrlA were tested by pull-down assays followed by SDS-PAGE analyses. We found that GrlA was not stable on its own, but the GrlA fused with GST was sufficiently stable for pull-down experiments with both wild-type and mutants of GrlR to verify the binding between these two proteins. We have also confirmed that wild-type GrlR binds to GST-GrlA ([Figure 4](#ppat-0030069-g004){ref-type="fig"}A), whereas no binding has been observed with GST alone. All of the four single mutants (E46A, D47A, E48A, and D49A) and the double mutant (E46A-D47A) of GrlR showed similar binding to GrlA in pull-down assays. However, the triple mutant (E46A-D47A-E48A) showed a significant drop in binding to GrlA. Whereas the EDED tetra mutant, with all of the four residues mutated to alanine, did not bind to GrlA, no protein band corresponding to GrlR was detected in the pull-down assay ([Figure 4](#ppat-0030069-g004){ref-type="fig"}A). Bands corresponding to GST-fused GrlA and GrlR were analyzed with peptide mass finger printing and their identities were confirmed (unpublished data). To verify the integrity of secondary structures in the mutants, circular dichroism spectra were measured for wild-type GrlR as well as for all mutants. In all cases, the circular dichroism spectra showed the existence of similar β-sheet secondary structures, which is consistent with the crystal structure. These results indicated that the surface-exposed EDED motif is a key structural feature for the binding of GrlR to GrlA.

![In Vitro Pull-Down Assay\
(A) SDS-PAGE gel showing the in vitro pull-down assay to demonstrate the binding of wild-type GrlR and EDED mutants to GrlA. Lane 1, molecular weight marker (MW); lane 2, GST; lane 3, E46A-D47A-E48A-D49A; lane 4, E46A-D47A-E48A; lane 5, wild-type GrlR; lane 6, E46A-D47A; lane 7, E48A; lane 8, D47A. The bands corresponding to GST-GrlA and GrlR were further identified by peptide mass finger printing. The staining was done using coomassie brilliant blue.\
(B) SDS-PAGE gel showing the amount of native and mutant GrlR protein used for the in vitro pull-down assay. Lane 1, molecular weight marker; lane 2, E46A-D47A-E48A-D49A; lane 3, wild-type GrlR; lane 4, E46A-D47A-E48A; lane 5, E46A-D47A; lane 6, E48A; lane 7, D47A.](ppat.0030069.g004){#ppat-0030069-g004}

Regulatory Function of GrlR Is Mediated by EDED Motif {#s2e}
-----------------------------------------------------

In order to elucidate the role of the wild-type and mutants of GrlR in the repression of TTSS, a protein secretion assay was carried out in EHEC. Bacteria containing different plasmids were grown in Dulbecco\'s Modified Eagle\'s Medium (DMEM), and total secreted extracellular proteins were recovered from the medium and compared by SDS-PAGE. We used EspB, which is a major secreted protein of EHEC, as a representative marker and compared the secretion of EspB in wild-type and mutant GrlR ([Figure 5](#ppat-0030069-g005){ref-type="fig"}, upper panel). The wild-type GrlR repressed the secretion of EspB. Single (E46A, D47A, E48A, D49A) and double mutants (E46A-D47A) showed similar reduced secretion of this protein, whereas the triple mutant (E46A-D47A-E48A) significantly reduced GrlR repression and the secretion of EspB was increased. However, the tetra mutant (E46A-D47A-E48A-D49A) totally abolished the repression effect of GrlR and the secretion was restored to a level similar to that of the control. We have also verified the expression level of all of the GrlR mutants ([Figure 5](#ppat-0030069-g005){ref-type="fig"}, lower panel). These results are consistent with our previous pull-down assays ([Figure 4](#ppat-0030069-g004){ref-type="fig"}A), which showed that GrlR and GrlA binding was affected in the triple and tetra mutants. Our experiment demonstrated the importance of the EDED motif for carrying out the regulatory function of TTSS in EHEC.

![General Secretion Profile of EHEC EDL933 Harboring pSA10-*grlR* and Expressing Wild-Type and Mutants of GrlR\
Secreted proteins were concentrated from supernatants of bacterial culture grown in DMEM and resolved in 12% SDS-PAGE and stained with coomassie brilliant blue (upper panel). Western blot of EHEC total cell protein against 6His antibody (lower panel).](ppat.0030069.g005){#ppat-0030069-g005}

EDED Motif Is Required for Repression of P~*LEE1*~ In Vivo {#s2f}
----------------------------------------------------------

A global regulator of TTSS, Ler, which is encoded by the first gene of *LEE1*, positively regulates several secreted proteins, including EspB \[[@ppat-0030069-b009],[@ppat-0030069-b022]\]. It has been shown that GrlR overexpression suppresses production of Ler \[[@ppat-0030069-b012],[@ppat-0030069-b014]\]. From our experiments, we have shown that overexpression of wild-type GrlR, but not mutated GrlR, affects the secretion of EspB.

The role of the EDED motif in repressing the activity of the P~*LEE1*~ was analyzed by a transcription kinetics assay. Since the signal generated by a single copy chromosomal *gfp* gene under the P~*LEE1*~ is too low to detect in EHEC due to intrinsic low expression levels of the *LEE1* in EHEC, we performed our studies in the closely related EPEC, where the intrinsic level of *LEE1* expression is higher. To this end, we have constructed an EPEC strain (GY2455) expressing GFP+ (green fluorescent protein) from the native *LEE1* promoter (P*~LEE1~*). The fluorescence (amount of GFP) as well as OD~600~ (amount of bacteria) were determined, in real time, during growth. The presence of plasmid encoding GrlR did not affect *gfp* expression unless IPTG was added. Under our experimental conditions, GrlR expression resulted in attenuation of P~*LEE1*~ activity, but not complete repression. Similar results were seen with the plasmids encoding GrlR, which mutated at different residues of the EDED motif. Upon replacing the entire EDED motif with AAAA, GrlR was no longer capable of P~*LEE1*~ repression ([Figure S2](#ppat-0030069-sg002){ref-type="supplementary-material"}). These results support the hypothesis that the EDED motif is crucial for repression of P~*LEE1*~ by GrlR. Overall, results of this *gfp* assay, with the exception of small variations, are comparable to EHEC experiments. These observed variations may be due to the difference in strains as well as the experimental conditions.

Discussion {#s3}
==========

The regulatory network that controls the expression of the virulence genes of AE pathogens is complex. Much of this complexity is merged at controlling the activity of the P~*LEE1*~ and *ler* expression. We, as well as other groups, demonstrated that Ler is a master regulator, turning on and off a large number of virulence genes, including *espB* \[[@ppat-0030069-b009],[@ppat-0030069-b022],[@ppat-0030069-b023]\]. The punctually temporal regulation of Ler and maintaining its accurate levels of activity are essential for the successful colonization of the host \[[@ppat-0030069-b012],[@ppat-0030069-b016]\]. The GrlR−GrlA complex plays a key role in controlling Ler expression \[[@ppat-0030069-b012],[@ppat-0030069-b014]\]. Iyoda et al. \[[@ppat-0030069-b024]\] reported recently that the GrlR--GrlA complex also controls the expression of FlhDC, the flagella master regulator. Thus, the GrlR--GrlA complex plays an important role in controlling the expression of two key master regulators, Ler and FlhDC. Structural study of GrlR identified the surface-exposed EDED motif and the importance of these residues was further investigated. Our in vivo and in vitro functional studies of wild-type and mutant GrlR showed that the EDED motif is crucial for the recognition of GrlA by GrlR and for the GrlR regulatory activity. To our knowledge, this is the first report of a key role of the EDED motif in bacterial regulation.

Based on the properties of these two proteins, the location of the EDED motif in the dimeric GrlR and the dimeric nature of most of the helix-turn-helix--containing DNA-binding proteins, we propose that the GrlA may also exist as a homodimer, and that dimers of GrlR and GrlA in combination are involved in the regulatory mechanism*.*

Our study provides a novel structural basis for an understanding of the regulatory mechanism of the GrlA--GrlR complex and thus provides new insight into the complex regulatory network that governs the virulence of AE pathogens.

Materials and Methods {#s4}
=====================

Plasmid and strain construction. {#s4a}
--------------------------------

The bacterial stains and the plasmids used in this study are listed in [Table S1](#ppat-0030069-st001){ref-type="supplementary-material"}. The intact *grlR* gene was PCR amplified from EHEC EDL933 chromosomal DNA and cloned into a derivative of pET vector (pETM32) (Novagen, <http://www.emdbiosciences.com/html/NVG/home.html>) or pSA10 vector. The respective targeted residues were substituted with alanine. Plasmid pGEX-*grlA* was constructed by amplifying the *grlA* DNA fragments from EHEC EDL933 chromosomal DNA and cloning into pGEX-4T1 (Amersham Biosciences, <http://www.gelifesciences.com>). Construction of pGY2Ler was as follows. The *bla* gene in the suicide plasmid pGP704 \[[@ppat-0030069-b025]\] was replaced by *tetAR,* and the *gfp+* gene \[[@ppat-0030069-b026]\] was cloned into the XbaI and SmaI sites generating pGY2. A fragment containing P*~LEE1-ler~* (the regulatory region of *LEE1* and the first gene in *LEE1-ler*) was amplified by PCR, digested with BamHI and XbaI, and cloned into pGY2 digested with BglII and XbaI, generating pGY2Ler, in which *gfp+* is transcriptionally fused to *ler*. pGY2Ler was introduced into E. coli SM10 λpir, which was further introduced into EPEC by mating. A trans-conjugant Kan^S^ Tet^R^ Strep^R^ colony containing an integration of pGY2Ler into the EPEC chromosome was selected to form transcriptional fusion of the *LEE1* regulatory region with *ler* and the *gfp+* gene ([Figure S1](#ppat-0030069-sg001){ref-type="supplementary-material"}) and was termed strain GY2455.

Purification and crystallization. {#s4b}
---------------------------------

Plasmid DNA was transformed into E. coli BL21 and the cells were grown in defined M9 medium \[[@ppat-0030069-b027]\] supplemented with 25 mg/l L-SeMet at 37 °C to 0.6 AU at OD~600.~ One liter of culture was induced with 100 μM IPTG and continued to grow at 20 °C overnight. Cells were then harvested by centrifugation and resuspended in 40 ml of lysis buffer (50 mM Tris-HCL \[pH 7.5\], 0.4 M NaCl, 1 mM EDTA, 1% (w/v) Triton X-100, 5% (w/v) glycerol, 10 mM ßME, and one tablet of Complete protease inhibitors \[Roche Diagnostics, <http://www.roche.com>\]). The protein was purified in three steps using DEAE-Sepharose (Amersham Pharmacia, <http://www.gelifesciences.com>), NI-NTA (Qiagen, <http://www.qiagen.com>), and gel filtration (Superdex 75, Amersham Biosciences) columns, respectively. The His fusion tag was not cleaved. Drops containing 1 μl of protein solution (4 mg/ml) and 1 μl of reservoir solution were equilibrated by hanging drop vapor diffusion at 21 °C. The best crystals were grown from 25% ethylene glycol, 4% tert-butanol, and 4% trifluoroethanol (Hampton screens followed by additive screening), with the protein in 20 mM Tris-HCL (pH 7.5), 200 mM NaCl, and 5% (w/v) glycerol. Crystals measuring \~0.2 mm in length grown over the course of 3 d belonged to space group P2~1~2~1~2~1~ with a = 43.83 Å, b = 66.09 Å, c = 83.58 Å and contained two molecules in the asymmetric unit. The Matthews coefficient is 2.2 Å^3^/Da \[[@ppat-0030069-b028]\], giving a solvent content of 45%. The X-ray data collection and refinement statistics are given in [Table 1](#ppat-0030069-t001){ref-type="table"}.

Data collection, structure solution, and refinement. {#s4c}
----------------------------------------------------

Crystals were cryoprotected in the reservoir solution supplemented with 40% ethylene glycol and flash cooled at 100 K. The structure was determined using crystals of SeMet-labeled protein by multi-wavelength anomalous dispersion method \[[@ppat-0030069-b029]\]. X-ray diffraction data were collected at beamline X12C, Brookhaven National Laboratory (Upton, New York, United States), using a Quantum-4 CCD detector (ADSC, <http://www.adsc-xray.com>). Two data sets were collected at wavelengths corresponding to the peak and inflection point. All of the data sets were processed with HKL2000 \[[@ppat-0030069-b030]\]. All of the eight Se sites of an asymmetric unit were located by using the program BnP \[[@ppat-0030069-b031]\]. The phases were further improved by density modification using RESOLVE \[[@ppat-0030069-b032]\], which gave a final overall figure of merit of 0.70. Over 50% of the backbone atoms of the model were built by the RESOLVE iteration method. The remaining residues of the molecules were added after several cycles of manual model building using O \[[@ppat-0030069-b033]\] and followed by refinement using CNS \[[@ppat-0030069-b034]\]. Finally, 342 well-defined water molecules were added, and refinement was continued until the R-value converged to 0.215 (R~free~ = 0.269) for reflections I\>σ(I) to 1.9 Å resolution. The model had good stereochemistry, with all residues falling within the allowed regions of the Ramachandran plot ([Table 1](#ppat-0030069-t001){ref-type="table"}) analyzed by PROCHECK \[[@ppat-0030069-b035]\].

In vitro pull-down assay. {#s4d}
-------------------------

The plasmid pGEX-*grlA* was transformed into E. coli strain BL21 DE3 and overexpressed under IPTG induction. GrlA protein with GST tag was immobilized on GST sepharose beads (Amersham Biosciences) in Lysis buffer (20 mM TRIS \[pH 7.5\], 200 mM NaCl, 5% glycerol, 10 mM ßME ) and washed with wash buffer at various salt concentrations (200 mM, 500 mM, and 1 M NaCl) to remove non-specific bound protein from the beads. The beads with immobilized GrlA protein were checked for purity and quantified using SDS-PAGE and were subsequently used for performing the pull-down assay studies. Expression and purification of his-tagged GrlR fusion proteins were performed as described previously. Equal amounts of GrlR wild-type and mutant proteins were added to the GST sepharose beads with bound GrlA and incubated at 4 °C for 15 min ([Figure 4](#ppat-0030069-g004){ref-type="fig"}B). The expression level of GrlR tetra mutant was low compared to that of the wild-type and other mutants; however, an approximately equal amount of tetra mutant was used in all of the experiments. The beads were washed twice with wash buffer and resolved in 12% SDS-PAGE along with the controls.

Analytical ultra centrifugation. {#s4e}
--------------------------------

The oligomeric state of GrlR was investigated by monitoring its sedimentation properties in sedimentation velocity experiments using a Beckman Coulter Optima XL-A (<http://www.beckmancoulter.com>) equipped with absorbance optics. Sedimentation coefficients and molecular masses were determined by fitting using both the C(s) method \[[@ppat-0030069-b036]\] and Enhanced van Holde--Weischet Analysis \[[@ppat-0030069-b037]\] as implemented in UltraScan 7.3 \[[@ppat-0030069-b038],[@ppat-0030069-b039]\].

MALDI-TOF MS and MS/MS analysis. {#s4f}
--------------------------------

Molecular weight determination was carried out with the aid of a Voyager STR MALDI-TOF mass spectrometer (Applied Biosystems, <http://www.appliedbiosystems.com>). For MS/MS analysis, sample digestion, desalting, and concentration steps were carried out by using the Montage In-Gel digestion Kits (Millipore, <http://www.millipore.com>). Protein spots were analyzed using an Applied Biosystems 4700 Proteomics Analyzer MALDI-TOF/TOF (Applied Biosystems). Data processing and interpretation was carried out using the GPS Explorer software (Applied Biosystems) and database searching was performed using the MASCOT program (Matrix Science, <http://www.matrixscience.com>). The National Center for Biotechnology Information database (<http://www.ncbi.nlm.nih.gov>) was used for the combined MS and MS/MS search.

Circular dichroism spectrometry. {#s4g}
--------------------------------

Far UV spectra (260--190 nm) of GrlR wild-type and mutants were measured using Jasco J810 spectropolarimeter (Jasco, <http://www.jascoinc.com>) in phosphate buffer (pH 7.5) at room temperature using 0.1 cm path length, stoppered cuvettes. A total of three scans were recorded and averaged for each spectrum, and the baseline was subtracted.

Extracellular proteins isolation and assay. {#s4h}
-------------------------------------------

To prepare the secreted protein of EHEC, overnight cultures of EHEC strains in LB were diluted at 1:50 into DMEM supplemented with 100 mM ampicillin and 0.1 mM IPTG, and incubated for 9 h at 37 °C in a 5% (v/v) CO~2~ atmosphere. Bacterial cells were removed from the culture by centrifugation (5,500*g,* 10 min, 4 °C) and the supernatants were collected and passed through a 0.22-μm filter and precipitated by 10% TCA as described previously \[[@ppat-0030069-b022]\]. The extracellular proteins were resolved in 12% SDS-PAGE and visualized by staining with commassie blue. Western blot analysis was carried out as described previously \[[@ppat-0030069-b040]\], and EHEC cells harboring various pSA*grlR* plasmids were harvested and resolved by SDS-PAGE. Proteins were transferred to PVDF membrane and detected by anti-6His (Qiagen) antibody.

Measurement of the P~*LEE1*~ activity in vivo. {#s4i}
----------------------------------------------

Plasmids (pSA10) expressing GrlR or various GrlR mutants from the *Ptac* promoter were introduced into EPEC GY2455. The generated strains were grown overnight under conditions that repress the activity of the P~*LEE1*~ (30 °C in LB) \[[@ppat-0030069-b026]\]. For activation of the P~*LEE1*~, the cultures were washed and 50 times diluted with Casamino-DMEM \[[@ppat-0030069-b026]\] supplemented or not supplemented with 0.25 mM IPTG. Immediately upon dilution, cultures, in 96-well plates, were placed in a microplate reader (SPECTRAFluor Plus; TECAN, <http://www.tecan.com>), pre-set at 37 °C and grown within the plate reader. The fluorescence intensity (filter set at 485-nm excitation wavelength and 535-nm emission wavelength) and optical densities at 600 nm (OD~600~) were automatically read during growth every 5 min, and data were collected by Magellan software (TECAN).

Supporting Information {#s5}
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###### The Construction of an EPEC Strain Expressing GFP+ from the P~*LEE1*~

Plasmid pGY2Ler was introduced into EPEC via mating with E. coli SM10 λ*pir*. Bacteria containing integration of the plasmid to the chromosome were selected using LB plates supplemented with Tet and Strep. In these bacteria, one *ler* allele and *gfp+* are regulated by the native P~*LEE1*~ and the second *ler* allele, and other *LEE1* genes are expressed via a second native P*~LEE1~*. The latter is transcriptionaly isolated from the integrated plasmid by a terminator (T1) and by TetR, which represses the *tetRA* promoters under our experimental conditions (lack of Tet).

(5 MB TIF)

###### 

Click here for additional data file.

###### P~*LEE1*~ Activity Assay

The presence of plasmid encoding GrlR did not affect the *gfp* expression unless IPTG was added (right panel). Replacing the entire EDED motif with AAAA, GrlR was no longer capable of P~*LEE1*~ repression (left panel). The EPEC strain containing fusion of the P~*LEE1*~ with *gfp*+ transcriptional reporter gene (GY2455) was transformed with different GrlR-expressing plasmids. These include plasmids expressing wild-type GrlR as positive control, the vector plasmid (pSA10) as negative control, and plasmids expressing different GrlR mutants. Expression of the *LEE1* was induced by shifting the culture from growth in LB at 30 °C to growth at 37 °C in CDMEM (supplemented with IPTG to induce GrlR expression). The rate of GFP accumulation in the bacteria reflecting the rate of promoter activity was determined. The fluorescence intensity (filter set at 485-nm excitation wavelength and 535-nm emission wavelength) and optical densities at 600 nm (OD~600~) were automatically read during growth every 5 min, and data were collected by Magellan software (TECAN). Shown are the results of a typical experiment out of three independent experiments. The wild-type GrlR, as well as all of the mutants, excluding the AAAA mutant, attenuated the activity rate of the P~*LEE1*~. In contrast, the AAAA mutant exhibits *LEE1* activity similar to that of a strain which is not expressing GrlR (control vector).

(4.9 MB TIF)

###### 

Click here for additional data file.

###### The Bacterial Strains and Plasmids Used in This Study

(45 KB DOC)

###### 

Click here for additional data file.

Accession Number {#s5a}
----------------

Coordinates of GrlR have been deposited in the Protein Data Bank (<http://www.pdb.org> \[[@ppat-0030069-b041]\]) under accession code 2OVS.
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AE

:   attaching and effacing

CR

:   Citrobacter rodentium

DMEM

:   Dulbecco\'s Modified Eagle\'s Medium

EHEC

:   enterohemorrhagic Escherichia coli

EPEC

:   enteropathogenic Escherichia coli

GFP

:   green fluorescent protein

GST

:   glutathione-S-transferase

H-NS

:   histone-like nucleoid structuring protein

LEE

:   locus of enterocyte effacement

P~*LEE1*~

:   *LEE1* promoter

RMSD

:   root mean square deviation

TTSS

:   type III secretion system
